Introduction target cells, is important because exposing a given numRetroviral vectors are highly promising vehicles for ber of cells to higher vector concentration obviously delivering genetic material into target cells. Experimental results in a greater fraction of transduced cells. 7 and clinical interest in these vectors emanates from sevIn general, vector titer is expressed in functional units by eral sources. For example, they are easy to prepare, allow measuring either an effect produced by the encoded gene integration of the delivered gene into the host cell genor an intrinsic property of the vector, eg syncytiumome (if this is a desired feature), transduce cells without inducing effect of MoMLV env protein in XC cells. 8 For disturbing cellular physiology and, at least in experiinstance, vectors carrying a transforming gene are generally mental systems, permit rescue of integrated proviral titrated by determining the number of foci produced in a sequences. Retroviral vectors also present limitations, transformable cell line. When an antibiotic-resistance gene particularly when used for gene delivery in man. One of is encoded by the recombinant vector, then the conventhese is the poor transduction of certain cell types in vivo, tional procedure is to determine the number of antibioticat least when standard procedures for vector delivery are resistant colonies. Obviously, the functional titer does not employed. 1, 2 Because of this drawback, transduction necessarily provide a faithful estimate of virion concenefficiency of retroviral vectors is an important feature and tration, mainly because it depends on vector transduction various attempts have been made to improve the fraction efficiency on the cell line used for its determination. Thus, of cells transduced in a given setting. However, transducsince susceptibility to vector entry varies considerably tion efficiency is determined by a variety of factors, the among various cell types, 7 titers measured in different labmost important one being the susceptibility of the target oratories using different target cells are of questionable cells to vector penetration. In the case of vectors based value for predicting or comparing the transduction on Moloney murine leukemia virus (MoMLV) backbone, efficiency of a given vector preparation. We reasoned that interaction between the viral env protein (gp70) and the establishing a standard procedure for estimating the func-GLVR-2 receptor, 3, 4 recently designated PiT2, 5 detertional titer of a retroviral vector is highly desirable, given mines cellular susceptibility to amphotropic vector entry.
the large number of research, clinical and commercial labIn permissive cells, then, physical and biochemical events oratories involved in gene therapy studies. Accordingly, in underlying virus adsorption to the plasma membrane, the present article we describe a simple procedure which translocation into the cytoplasm, and proviral DNA inteallows one to estimate more accurately the number of infecgration into the host cell genome also influence vector tious particles present in vector stock solution. transduction efficiency. 6 Finally, retrovirus vector titer, as ution is added to a culture dish containing permissive from dish 12 were then added to each of dishes 7-11 and the vector was allowed to adsorb to cells for 1 h, as above. cells, kept in culture for 1-2 h so as to allow vector adsorption, aspirated, and readded to another dish conAfter the 1 h adsorption period, 2 ml of normal growth medium were added to each of dishes 1-11, so as to halve taining a similar number of cells, the number of transduced cells in the second dish is only slightly lower than the polybrene concentration, and cells cultured for 24 h. At this point, cells were either washed, fixed, and stained that observed in the first dish. This indicates that only a minimal fraction of the vector particles were removed in for X-gal or passaged in G418-containing medium. We allowed 24 h for retroviral integration since doubling the first dish, thus implying that the actual number of infectious units is considerably higher than that estitimes of the cell types studied here were all within the 24 h time-point. To establish the validity of the above mated from a single transduction experiment. We thus reasoned that measuring vector removal rate by a perprotocol under different experimental conditions, two additional sets of experiments were performed. In one, missive cell type would permit one to estimate the actual number of functional particles present in vector solution.
each exposure period was reduced to 30 min and in the other, cells were exposed to 1 h periods but to a five-fold For instance, if removal rate is 10% per hour of exposure, then the biological titer must at least be 10-fold higher higher vector concentration. In these studies, every other aspect of the protocol was the same as that described than that estimated from a single 1 h adsorption period. Accordingly, the following experiment was performed, above. as schematically illustrated in Figure 1 . On day 1, cells were inoculated into 11 dishes which were labeled 1-11.
Determination of vector removal rate Results from representative experiments are illustrated in On day 2 (approximately 16 h later) at time 0, the medium in dish 1 was aspirated and cells were exposed Figure 2 . When expressed as a semilog function of adsorption period performed, transduction efficiencies to 2 ml of vector solution. Exactly after a 1 h incubation at 37°C, the medium from dish 1 was completely aspir-(measured as number of X-gal-positive cells per dish) of both ecotropic and amphotropic vectors declined in a ated and added to dish 2 and adsorption allowed to proceed again for 1 h. The same procedure was repeated nearly linear fashion. The rate of decline was proportional to the degree of cell permissiveness for vector every hour for dishes 3-6. At time 0, 10 ml of the vector solution were also placed in a dish containing no cells entry. With highly susceptible cells (eg 3Y1 and 184B5 for the ecotropic and amphotropic vectors, respectively), (dish 12), which was kept at 37°C in CO 2 incubator as above. Every hour for the next 5 h, 2 ml of vector solution transduction efficiencies decreased by 10-15% per adsorption hour and values determined during the fifth 1 h incubation period ranged from 40 to 60% of those observed during the first 1 h exposure. With poorly permissive cells like the TM-3 and U-2 lines, transduction efficiency declined by 6-8% during each 1 h incubation period. The decline in transduction efficiency was not due solely to vector removal by the target cells but was also secondary to vector decay. In fact, incubation of vector solution at 37°C in the absence of cells also resulted in a time-dependent decline in transduction efficiency, although at a rate slower than that observed in the presence of highly permissive cells. Vector functional loss due to decay alone was only slightly less than that detected in the presence of poorly permissive cells and averaged approximately 5% per hour. This decline is consistent with a previously reported half-life of 3.5-6.5 h when similar vectors were kept at 37°C. 10,11 Transduction efficiencies measured as the number of G418-resistant colonies per dish were somewhat higher than those determined by the X-gal procedure (Table 1) , but declined with the number of exposure periods in the same fashion (data not shown).
When highly permissive cells (3Y1 and 184B5 for transduction by the ecotropic and amphotropic vectors, respectively) were exposed to 30 min adsorption periods, a similar decline in transduction efficiency was observed, although any two-combined 30 min values were 20-30% greater than the respective ones measured when these cells were continuously exposed for 1 h periods (Figure centration of amphotropic vector also yielded transduction efficiencies which declined with exposure period in a of infectious units present in vector stock solution, true roughly linear fashion. At any given 1 h exposure period, vector biological titer (BT) can be calculated from the folhowever, the value obtained this way was somewhat lowing relationship: lower than the five-fold value obtained with the more diluted vector concentration (Figure 3 ). Similar results
(1) BT = TE 0 × [TE 0 /TE 0 − TE 1 ] were observed when the 3Y1 line was transduced by a which can be rearranged to yield five-fold higher concentration of the ecotropic vector.
(2) BT = TE 2 0 /TE 0 − TE 1 Determination of vector biological titer Since the transduction efficiency determined during a in which TE 0 and TE 1 are the transduction efficiencies measured without prior adsorption (dish 1) and followsingle 1 h exposure period is expressive of only a fraction Data are transduction efficiencies (T 0 ) determined during the first 1 h exposure period with no prior vector adsorption (dish 1 in Figure  1 ; equation 2) and biological titers (BT) calculated from equation 2. Values indicate either the number of cells positive for X-gal or the number of G418-resistant colonies. Two separate experiments were performed for each cell type. All G418-resistant colonies were positive for X-gal. 3Y1 Cells (rat) were transduced with the ecotropic vector and MCF-10F cells (human) with the amphotropic vector. For further details, see Table 2 and Materials and methods.
ing the first 1 h adsorption period (dish 2), respectively. for two reasons. First of all, the present method allows one to estimate the actual particle concentration capable If the value of TE 1 measured directly is considerably different from that defined by the best fitted line (Figure 2) , of transducing a permissive cell type. Because only a small fraction of functional units successfully transduce then the extrapolated value should be used to calculate BT from equation 2. Under the present experimental conthe target cells, the biological titer determined this way is invariably greater than that estimated by a single transditions, BT is expressed in U/ml/h, which indicates the number of infectious particles or units (U) present in duction protocol. With cells highly permissive for vector entry, like the 3Y1 line for the ecotropic vector and the 1 ml of vector stock solution capable of transducing cells in culture during 1 h exposure period. Since 0 рTE 1 р 184B5 line for the amphotropic vector, the biological titer was five-to six-fold greater than the transduction TE 0 , TE 1 equals TE 0 only when the target cells are not permissive for vector entry; in this case, BT = 0. When TE 1 efficiency. With less susceptible cells, the difference was more pronounced and, when determined on poorly per-= 0, BT = TE 0 , which indicates that all infectious particles bathing the cells are removed and/or decay during the missive cells like MCF-10F, TM-3 and U-2 cells, the biological titer was as much as 15-, 17-, and 18-fold greater, first 1 h exposure period. Table 2 shows the BT values for the ecotropic and amphotropic vectors determined on respectively. The second advantage offered by the present procedure is that the biological titer is less depenthe cell types studied here. Two aspects of these results need emphasis. First, the BT is five-to 20-fold greater dent on the cell type used for its measurement. When estimated from a single transduction experiment, the biothan the respective TE 0 . Second, like the transduction efficiency, BT is a function of cell type and culture conlogical titer is a function of the cell type since the higher the permissiveness of the target cells, the greater the titer. ditions, including cell density and growth medium. However, differences in BT values among various cell types
With the present procedure, the biological titer is calculated from the fractional decline in transduction are less pronounced than the respective differences in transduction efficiencies. Furthermore, as shown in Table  efficiency , hence the value obtained this way is in theory independent of the cell type employed. In reality, the bio-1, the BT values determined by G418 selection were 18-40% higher than those obtained by the X-gal procedure.
logical titer is still a function of cell permissiveness for vector entry since loss of vector function results not only This is in keeping with the finding that the number of G418 colonies generally exceeded that of X-gal-positive from vector removal by the target cells but also from vector decay. A biological titer fully independent of cell suscells, regardless of whether cells were transduced with the ecotropic or amphotropic vector. Finally, reducing the ceptibility to vector entry can be obtained by calculating the loss of vector function (L vf ), which is defined by TE 0 time of exposure to 30 min periods and increasing vector concentration five-fold resulted, in each case, in marginal
which L cu and L vd are, respectively, the loss of differences in BT values, at least when highly permissive cells were used (Figure 3) . transduction efficiency due to vector cellular uptake and vector decay. However, this analysis is meaningful only when L vf is significantly larger than L vd , as in the case of Discussion highly susceptible cells. With poorly permissive cells, such a difference is too small and often within the margin The conventional method for measuring the functional of technical error, hence such a correction does not protiter of retroviral vectors consists of determining the vide an accurate and reproducible estimate of L cu . Therenumber of target cells transduced by a given volume of fore, in addition to its dependency on time of exposure, vector solution. In this article, we describe a new procedure which is superior to the conventional approach the biological titer determined by the present technique Values are means ± s.d. of three to five determinations for each cell type. Rodent (3Y1, 3T3 and TM-3) and human (184B5, MSTV-1, MCF-10F and U-2) cells were used for transduction by the ecotropic and amphotropic vectors, respectively. TE 0 and TE 1 are the transduction efficiencies determined, respectively, following no prior vector exposure to cells and following the first 1 h incubation period (dish 1 and dish 2 in Figure 1 ) and expressed as number of cells per 6-cm dish transduced (X-gal positive) by 1 ml of vector solution during a 1 h exposure. TE vd indicates the transduction efficiency determined after vector solution was maintained for 1 h at 37°C in the presence of no cells (as to determine rate of vector decay) and is expressed in similar units. BT is calculated from equation 2 and expressed in U/ml/h, which indicates the number of infectious units present in 1 ml of vector solution and capable of transducing the indicated cell type during a 1 h exposure period.
still remains to some extent, a function of the cell type determined in order to obtain a more accurate and reproducible estimate of its biological titer. used for its determination.
Because of this limitation, it is difficult to relate the bioIn the last analysis, it should be emphasized that the present procedure does not necessarily measure the logical titer to the various determinants of vector cellular entry and its variability among different cell types. 7 For absolute number of infectious retroviral particles present in a given preparation because its determination involves instance, the respective roles of the expression level and/or structural conformation of vector cellular recepa functional assay and thus, still depends to some extent on the intrinsic permissiveness of the cell type used to tor and of possible inhibitory factors present in vector stock solution 12 cannot be established since these potenquantify vector cellular entry. In any given setting, however, the method described here will provide a greater tial variables are intrinsic to the assay procedure. Nevertheless, it is reasonable to assume that the contribution and a more accurate estimate of functional vector units, which should prove useful to standardize vector biologiof these parameters is constant in a given assay, hence the titer determined by the present procedure should procal titers determined in various laboratories. In turn, this will allow a more meaningful comparison of transduction vide a relatively faithful estimate of the concentration of vector units capable of transducing the cell type used for efficiencies and ultimately help design strategies and protocols for efficient gene therapy applications. its determination.
The finding that the vector biological titer determined by G418 selection was somewhat greater than that meas-
Materials and methods
ured by the X-gal procedure is in keeping with previous results from our laboratory 7 and has been reported by Functional titers were determined for two recombinant vectors exhibiting the ecotropic and amphotropic host others. 13 Because all G418-resistant colonies were invariably positive for X-gal, this discrepancy cannot be range of MoMLV, respectively. Both vectors carried the ␤-galactosidase reporter gene (lacZ gene) and the Tn5-attributed to the use of a heterogeneous population of vector particles, some of which may have carried only the derived neomycin phosphotransferase gene. The ecotropic and amphotropic vectors were prepared in 2 and neo r gene. One possible explanation is that the expression levels of ␤-galactosidase and neomycin phosphotransfer-PA317 packaging cells, respectively, as described elsewhere. 7 Seven cell lines were used for these experiments. ase were different in that, in the vector used here, the lacZ gene is driven by the MoMLV LTR whereas the neo r Three were rodent lines and included 3Y1 (rat fibroblasts), NIH3T3 (mouse fibroblasts) and TM3 (mouse gene is driven by the SV40 early promoter. 7 Alternatively, the greater number of G418 colonies may simply reflect mammary epithelial cells). Four lines were of human origin and included 184B5, MTSV-1, MCF-10F (all mamtransient clonal expansion of transduced cells since an additional division cycle(s) may occur after provirus intemary epithelial lines) and U-2 (fibrosarcoma line). These lines were described in detail elsewhere 7 and chosen for gration and before antibiotic selection produces its effect. This is not observed in the X-gal procedure since cells the present experiments since they exhibit a wide range of susceptibility to retroviral vector entry. Fibroblast lines are fixed immediately after the time allowed for provirus integration. Regardless of the mechanism, the difference were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 100 was marginal and remained constant throughout the various infection steps. Thus, at least for the vector used U/ml penicillin, 100 g/ml streptomycin, and 250 ng/ml amphotericin B. Mammary epithelial cell lines were here, the difference in biological titer determined by G418 selection and X-gal staining does not limit the validity instead grown in medium consisting of DMEM/F12 (1:1) containing FBS (5%), insulin (10 g/ml), hydrocortisone of the present procedure and ultimately, is of minimal practical importance.
(1 g/ml), epidermal growth factor (15 ng/ml), cholera toxin (100 ng/ml), progesterone (1 g/ml), prolactin (1 The procedure described here is simple, reliable, and expeditious. It can be limited to two incubation periods, g/ml), gentamicin (25 g/ml), amphotericin B (250 ng/ml) and Hepes buffer (12 mm). In transduction provided that the fractional decline in transduction efficiency is constant over time. In our experience, 1 h experiments, 2 × 10 5 cells per 6-cm dish were plated as single cell suspension and approximately 16 h later exposure periods yielded highly reproducible results, even with cells which were poorly susceptible to vector exposed to 2 ml of culture medium containing 0.2 ml or 1.0 ml of vector stock solution (dilutions 1:10 and 1:2, entry. Longer adsorption periods were not explored since these were expected to yield lower biological titers due respectively) and 4 g/ml polybrene. In some experiments, duplicate dishes were prepared, one destined for to increased vector decay. On the other hand, reducing the time of exposure to 30 min resulted in slightly higher X-gal staining, the other for G418 selection. X-gal staining was performed as described previously. 7 Briefly, 24 h biological titer, presumably because of lower vector decomposition. With poorly permissive cells, however, after transduction, cells were washed in phosphate-buffered saline (PBS) and fixed for 5 min at room temperature 30 min exposure periods yielded transduction efficiencies which were at times too low to be considered shielded with a solution of 1% formalin-0.2% glutaraldehyde in PBS. After three washes with PBS, cells were exposed to from technical errors. In any given setting, therefore, the time of exposure should be optimized and the calculated 2 ml of a PBS solution containing 5 mm K 6 .3H 2 O, 2 mm MgCl 2 , 100 mm Tris (pH 7.4), and biological titer be expressed in the same time unit as that used for its determination. Similarly, although somewhat 1 mg/ml 5-bromo-4-chloro-3-indolyl-␤-galactopyranoside, and placed at 37°C for 24 h. X-gal staining was higher titer values were obtained when cells were exposed to more diluted vector concentrations, technical scored as the number of blue cells in no less than 30 microscope fields of known area defined by a grid in the limitations may prevent the use of highly diluted vector preparations on poorly permissive cells. For any given eye piece. X-gal staining was similarly performed in mock-infected cells to determine background contricell type, therefore, optimal vector dilution must be
